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Report  Title 

Thermodynamic  Stabilization  of  Powder-Route  Nanocrystalline  Tungsten  Alloys 

ABSTRACT 

This  final  report  summarizes  the  findings  of  three  years  of  research  on  the  theory,  design,  and  reduction  to  practice  of  nanocrystalline 
tungsten  alloys  with  nanostructure  sufficiently  stable  to  envision  a  long  time-at-temperature  powder  consolidation  cycle.  Theoretically,  our 
work  to  develop  the  thermodynamics  of  nano  structured  alloy  systems  presents  a  new  concept  to  the  field  of  solid-state  science:  a 
nanostmctured  solid  solution  that  can  he  a  ground  state  for  the  system.  In  a  design  sense,  the  concept  can  he  used  to  screen  possible 
alloying  elements  to  down-select  to  the  most  promising  for  detailed  study,  and  in  the  case  of  W,  we  identify  Ti  as  a  preferred  alloying 
element  for  nanostructure  stabilization.  Experimentally,  we  have  produced  a  variety  of  W  alloys  and  evaluated  their  stability.  In  the  W-Ti 
system  we  have  verified  stability  over  periods  of  many  days  at  temperatures  up  into  the  consolidation  range  (-1100  C).  Technologically, 
the  combination  of  theory,  design,  and  proof-of-concept  demonstration  offers  a  pathway  for  future  alloy  design  in  cases  where 
nanostructuring  is  desirable  for  improved  performance. 
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Scientific  Progress 


The  goal  of  this  project  is  to  develop  a  tungsten-rich  alloy  powder  that  can  be  produced  readily  in  a  nanocrystalline  form, 
and  which  is  sufficiently  stable  to  resist  significant  structural  change  during  high-temperature  consolidation  to  full  density.  To 
achieve  this  goal  we  employ  both  theoretical  modeling,  to  identify  candidate  alloys  with  improved  stability  in  the  nanocrystalline 
state,  and  experimentation,  to  produce  and  test  alloy  powders  and  validate  the  model. 

Theoretical 

The  Regular  Nanocrystalline  Solution  (RNS)  model,  developed  under  ARO  funding  in  previous  work  by  the  PI,  predicts  the 
existence  of  a  nanocrystalline  phase  that  is  stable  against  grain  growth  via  grain  boundary  segregation.  The  existence  of  a 
segregation  state  that  reduces  the  grain  boundary  energy  to  zero  depends  on  the  materials  properties  (encapsulated  in  the 
enthalpy  of  mixing  and  the  enthalpy  of  segregation  for  the  binary  alloy)  and  composition  ranges. 

A  second  consideration  for  the  stability  of  a  nanocrystalline  alloy  is  its  stability  against  second  phase  precipitation.  Many 
existing  nanocrystalline  alloys  (such  as  Ni-W,  Ni-P,  Co-P,  and  others)  have  stable  nanostructures  until  a  second  phase 
precipitates  and  disrupts  the  segregation  state  required  for  grain  size  stability.  In  order  to  quantify  the  stability  of  a 
nanocrystalline  binary  alloy  with  respect  to  second  phase  formation,  we  compare  the  Gibbs  free  energy  of  the  predicted  (from 
RNS)  stable  NC  phases  to  the  free  energy  of  secondary  phases. 

Varying  the  materials  parameters  in  the  RNS  model  across  the  range  of  appropriate  values,  we  have  produced  a 
nanocrystalline  behavior  map  with  three  regions,  one  where  there  is  no  NC  phase  that  is  stable  in  the  particular  system,  one  in 
which  a  NC  phase  exists  that  is  stable  against  grain  growth  but  not  phase  separation,  and  one  in  which  the  NC  phase  that 
exists  is  stable  against  both  grain  growth  and  phase  separation.  To  our  knowledge,  we  were  the  first  group  to  propose  that  a 
GB-segregated  nanocrystalline  solid  solution  can  actually  be  a  ground  state  for  an  alloy  system.  This  calls  for  re-evaluation  of 
"equilibrium"  phase  diagrams  that  do  not  consider  such  states,  and  suggests  that  there  may  be  a  multitude  of  stable 
nanocrystalline  alloy  systems  waiting  to  be  discovered. 

The  suitability  of  tungsten  based  alloys  was  evaluated  at  first  pass  using  nanocrystalline  stability  maps.  The  property  space 
examined  by  the  RNS  model  involves  only  binary  alloys  with  positive  enthalpies  of  mixing,  denoting  phase  separating  materials. 
From  this  short  list,  we  selected  W-Ti  and  W-Cr  as  the  most  promising  binary  systems.  (Problems  with  the  other  systems 
include  much  lower  melting  points  than  powder  consolidation  temperatures,  expense,  and  a  narrow  composition  range  over 
which  NC  phases  exist.) 

We  also  used  the  RNS  model  to  predict  a  number  of  additional,  unexpected  new  ground  states  with  nanoscale  structures. 

These  include  systems  with  stable  amorphous  structures,  duplex  nanostructures,  and  bimodal  structures.  We  hope  to  continue 
to  explore  these  possible  structures  in  future  work. 

Experimental  Program 

Our  work  has  focused  heavily  on  W-Ti  alloys.  This  system  is  one  that  consistently  emerges  from  our  theoretical  work  as  a 
preferred  option  for  stabilization  of  nanocrystalline  W;  the  Ti  additive  is  introduced  because  it  has  a  low  tendency  to  phase 
separate,  but  can  segregate  to  grain  boundaries  and  lead  to  nanostructure  stabilization.  Alloys  have  been  processed  by  ball 
milling  with  the  W  content  ranging  from  80  to  100  at%  W  or  from  94  to  100  wt%  W.  The  powders  were  mechanically  alloyed  in  a 
SPEX  8000  high-energy  ball  mill,  using  a  tungsten  carbide  vial  and  tungsten  carbide  balls. 

We  explored  the  structural  stability  of  W-Ti  alloys  at  several  different  compositions  levels  (0,  1,2,5,  10,  and  20%  Ti),  using  a 
variety  of  tools  including  x-ray  diffraction  (at  ambient  and  elevated  temperature  up  to  1200  C),  transmission  electron  microscopy 
(TEM),  scanning  TEM,  etc.  The  average  grain  size  of  tungsten  after  milling  and  before  thermal  exposure  was  found  to  be 
between  16  and  21  nm.  In  pure  tungsten,  the  grains  grow  significantly  to  an  average  size  of  180  nm  after  annealing  at  950  C  for 
4.5  hours.  On  the  other  hand,  a  small  addition  of  solutes  helps  suppress  grain  coarsening.  The  average  grain  size  after 
annealing  at  1000  C  for  4.5  hours  for  a  sample  with  a  higher  solute  loading  of  6  wt%  was  23  nm.  With  a  lower  solute  loading 
level  (~1-2  wt%),  the  stability  is  reduced,  although  still  better  than  pure  tungsten  (grain 
growth  to  1 10  nm  for  the  same  treatment  at  1000  C). 

The  extent  of  thermal  stability  of  tungsten  alloys  was  further  analyzed  through  long-time  anneals  at  relevant  powder 
consolidation  temperatures.  For  example,  the  alloy  with  6  wt%  solute  concentration  was  annealed  at  1000  C  for  two  weeks  and 
the  grain  size  estimated  from  X-ray  diffraction  was  found  to  still  be  below  30  nm.  At  20%  Ti,  we  found  near  ideal  stability  at 
1 100  C  for  over  a  week.  We  also  confirmed  that  in  this  alloy  the  chemical  configuration  is  nonuniform  as  expected  for  a 
nano-system. 


These  results  on  W-Ti  alloys  conform  to  the  expectations  of  our  theoretical  work,  and  experiments  on  the  consolidation  of  these 
alloys  at  modest  temperatures  (below  1500  C)  are  now  underway. 


Technology  Transfer 


The  PI  has  a  long  history  of  successful  technology  transfer,  and  in  the  present  case  the  filing  of  one  patent  and  the  imminent 
filing  of  a  second  present  pathways  to  interaction  with  commercial  partners.  The  PI  has  delivered  lectures  on  the  funded  work 
to  numerous  industrial  concerns,  including  some  that  would  be  natural  commercialization  partners. 

Another  main  technology  transfer  emerging  from  this  work  is  the  hiring  of  the  Pi’s  senior  graduate  student,  Heather  Murdoch,  at 
ARL;  as  she  transitions  from  MIT  to  ARL,  Dr.  Murdoch  will  carry  her  leading-edge  knowledge  of  nanocrystalline  alloy  design 
directly  to  the  Army. 

Technology  Transfer 


